We report the detections of planetary companions orbiting around three evolved intermediate-mass stars from precise radial velocity measurements at Okayama Astrophysical Observatory. HD 2952 (K0III, 2.5M ⊙ ) and ω Ser (G8III, 2.2M ⊙ ) host a relatively low mass planet with minimum mass of m 2 sini = 1.6 M J and 1.7 M J in nearly circular orbits with period of P = 312 and 277 d, respectively. HD 120084 (G7 III, 2.4M ⊙ ) hosts an eccentric planet with m 2 sin i = 4.5 M J in an orbit with P = 2082 d and eccentricity of e = 0.66. The planet has one of the largest eccentricities among those ever discovered around evolved intermediate-mass stars, almost all of which have eccentricity smaller than 0.4. We also show that radial velocity variations of stellar oscillations for G giants can be averaged out below a level of a few m s −1 at least in timescale of a week by high cadence observations, which enables us to detect a super-Earth and a Neptune-mass planet in short-period orbits even around such giant stars.
Introduction
Planets and brown dwarfs discovered around intermediate-mass stars (1.5-5M ⊙ ) have been growing in number for the last decade. Hundreds of GK giants and subgiants, which are evolved counterparts of intermediate-mass BA dwarfs, have been intensively surveyed in radial velocity by utilizing their spectral features appropriate to precise radial velocity measurements (e.g., Frink et al. 2002; Setiawan et al. 2005; Hatzes et al. 2005; Hatzes et al. 2006; Lovis & Mayor 2007; Niedzielski et al. 2009b; Döllinger et al. 2009; de Medeiros et al. 2009; Sato et al. 2010; Johnson et al. 2011a; Wang et al. 2012; Wittenmyer et al. 2011; Omiya et al. 2012; Lee et al. 2012; Sato et al. 2013 ). More than 50 substellar companions have been discovered around such evolved intermediate-mass stars, which are ranging from 0.6 to 40 M J in minimum mass, from 0.08 to 6 AU in semimajor axis, and from 0 to 0.68 in eccentricity. Planets less massive than 2M J were mostly found around subgiants because giants normally show larger stellar jitter of 10-20 m s −1 making detection of low mass planets more difficult (e.g., Sato et al. 2005) , and all of the companions except for only one hot-Jupiter around a subgiant (Johnson et al. 2010) were found in orbits beyond 0.6 AU. Not only single planets but also multiple-planet systems have been found, some of which are in mean-motion resonance (Johnson et al. 2011b; Niedzielski et al. 2009a; Niedzielski et al. 2009b; Sato et al. 2012; Sato et al. 2013) . Recently direct imaging succeeded in detecting substellar companions in wide orbits around BA dwarfs, which are complementary to radial velocity observations (e.g., Marois et al. 2008; Carson et al. 2013) . The orbital properties of these companions now serve as test cases for general understanding of formation and evolution of substellar companions around intermediate-mass stars (e.g., Currie 2009 ).
The Okayama Planet Search Program is one of the longcontinued planet search programs and has been regularly monitoring radial velocities of about 300 intermediatemass GK giants since 2001 at Okayama Astrophysical Observatory (OAO) in Japan (Sato et al. 2005) . A total of 20 planets and 6 brown dwarfs have been discovered so far at OAO including those found in collaboration with Xinglong observatory in China, Bohyunsan Optical Astronomy Observatory in Korea, Subaru 8.2m telescope in Hawaii, and Australian Astronomical Observatory. (e.g., Sato et al. 2012; Omiya et al. 2012; Wang et al. 2012; Sato et al. 2010; Sato et al. 2013) .
From the planet search program, here we report the discovery of three new planetary companions around GK giants. Rest of the paper is organized as follows. We describe the observations in section 2 and the stellar properties are presented in section 3. Analyses of radial velocity, period search, orbital solution, stellar activity, and line shape variation are described in section 4 and the results are presented in section 5. Section 6 and 7 are devoted to discussion and summary, respectively.
Observation
All of the observations were made with the 1.88 m reflector and the HIgh Dispersion Echelle Spectrograph (HIDES; Izumiura 1999) at OAO. In 2007 December, HIDES was upgraded from single CCD (2K×4K) to a mosaic of three CCDs, which enables us to simultaneously obtain spectra with a wavelength range of 3750-7500Å using a red cross-disperser. Furthermore, the high-efficiency fiber-link system with an image slicer has been available for HIDES since 2010, which makes overall throughput more than twice than that with the conventional slit observations (Kambe et al. 2013) . We basically obtained the data presented in this paper using the slit (hereafter HIDES-Slit) mode, but we also used the fiber-link (hereafter HIDES-Fiber) mode for two of the three stars.
In the HIDES-Slit mode, the slit width was set to 200 µm (0.76 ′′ ) giving a spectral resolution (R = λ/∆λ) of 67000 by about 3.3 pixels sampling. In the HIDES-Fiber mode, the width of the sliced image is 1.05
′′ corresponding to a spectral resolution of R =55000 by about 3.8 pixels sampling. Each observing mode uses its own iodine absorption cell (I 2 cell; Kambe et al. 2002; Kambe et al. 2013) for precise radial velocity measurements, which provides a fiducial wavelength reference in a wavelength range of 5000-5800Å. Possible offset in radial velocities between the two modes caused by using the different I 2 cells is treated as a free parameter in orbital fitting (see section 4.3).
The reduction of echelle data (i.e. bias subtraction, flatfielding, scattered-light subtraction, and spectrum extraction) is performed using the IRAF 1 software package in the standard way.
Stellar Properties
Atmospheric parameters (effective temperature T eff , surface gravity logg, micro-turbulent velocity v t , Fe abundance [Fe/H], and projected rotational velocity v sin i) of all the targets for Okayama Planet Search Program were derived by Takeda et al. (2008) , based on the measured equivalent widths of well-behaved Fe I and Fe II lines of 1 IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy, Inc. under cooperative agreement with the National Science Foundation, USA.
iodine-free stellar spectra. Details of the procedure and resultant parameters are presented in Takeda et al. (2002) and Takeda et al. (2008) .
They also obtained the absolute magnitude M V of each star from the apparent V -band magnitude and Hipparcos parallax π (ESA 1997) correcting interstellar extinction A V from Arenou et al. (1992) 's table, and obtained the bolometric correction B.C. based on the Kurucz (1993)'s theoretical calculation. The luminosity L and mass M of each star were derived using these parameters and theoretical evolutionary tracks of Lejeune & Schaerer (2001) , and the stellar radius R was derived by the Stefan-Boltzmann relationship and the measured L and T eff . The properties of the three stars presented in this paper (HD 2952, HD 120084, ω Ser) are summarized in table 1, and the stars are plotted on the HR diagram in figure 1.
The three stars are known to be stable in photometry to a level of σ HIP = 0.005 − 0.007 mag (ESA 1997) , and they are chromospherically inactive with no significant emission in the core of Ca II HK lines as shown in figure 2. Since we can obtain spectra covering Ca II HK lines together with radial velocity data after installing 3 CCDs in 2007, we use the lines to check stellar chromospheric activity correlated with radial velocity variations (see section 4.4).
Analysis

Radial Velocity
Radial velocity analysis was carried out using the modeling technique of an I 2 -superposed stellar spectrum detailed in Sato et al. (2002) and Sato et al. (2012) , which is based on the method by Butler et al. (1996) . In the technique, an I 2 -superposed stellar spectrum is modeled as a product of a high resolution I 2 and a stellar template spectrum convolved with a modeled instrumental profile (IP) of the spectrograph. We here used a stellar template that was obtained by deconvolving a pure stellar spectrum with the spectrograph IP estimated from an I 2 -superposed B-star or Flat spectrum. We applied the stellar template thus obtained with HIDES-Slit mode observations to radial velocity analysis for the data taken with HIDES-Fiber mode as well as HIDES-Slit mode. We took account of a velocity offset, ∆RV f−s , between the two observing modes as a free parameter when we determine orbital parameters (see section 4.3). Measurement error in radial velocity was estimated from an ensemble of velocities from each of ∼300 spectral regions (each ∼3Å long) in every exposure.
Period Search
A Lomb-Scargle periodogram analysis (Scargle 1982) was performed to search for periodicity in radial velocity data, and False Alarm Probability (F AP ) was estimated to assess the significance of the periodicity. To estimate the F AP , we created 10 5 fake datasets, in which the observed radial velocities were randomly redistributed, keeping fixed the observation time, and applied the same periodogram analysis to them. The fraction of fake datasets exhibiting a periodogram power higher than the observed one was adopted as a F AP for the signal.
Keplerian Orbital Solution by MCMC Method
Keplerian orbital model for the radial velocity data and uncertainties for the parameters were derived using the Bayesian Markov chain Monte Carlo (MCMC) method (e.g., Ford 2005; Gregory 2005; Ford & Gregory 2007) . Since the details of the method are presented in the literatures, we here briefly describe the procedure and parameters for the model adopted in this paper.
In Bayes' theorem, the target joint probability distribution, the posterior probability distribution, for parameters θ of a certain model M based on observational data d and prior background information I is given by
where C is the normalization constant, p(θ|I, M ) is the prior probability distribution of θ, and p(d|θ,I,M ) is the likelihood, which is the probability that we would have obtained the data d given the parameters θ, model M , and priors I. The likelihood function is given by
where N j is the number of data points for the jth instrument, σ i,j is the measurement uncertainties for each point, v i,j and y i,j are observed and modeled radial velocities, respectively. Extra Gaussian noise s j is incorporated for observations with jth instrument, including intrinsic stellar jitter such as stellar oscillation and unknown noise source, in addition to the measurement uncertainties. For a single planet, reflex motion in stellar radial velocity at time t i observed with jth instrument can be expressed as
where V j is systematic velocity with reference to jth instrument, K 1 , ω, e, and P is velocity semiamplitude, argument of periastron, eccentricity, and orbital period, respectively. f i is true anomaly of the planet at t i , which is a function of e, P , and time of periastron passage T p . Instead of T p , we here adopted χ, fraction of an orbit of the planet prior to the start of data taking, at which periastron occurred. For the prior probability distribution, we follwed Ford & Gregory (2007) adopting Jeffrey's prior for P , modified Jeffrey's prior for K 1 and s j , and uniform one for other parameters. Then, joint prior for the model parameters, assuming independence, is given by
. (5) The parameter priors we adopted are summarized in table 2. The posterior probability distribution was obtained with the MCMC method, which uses a stochastic process to generate a "chain" of points in parameter space that approximates the desired probability distribution. The chain is derived from an initial point by iterating a "jump function", which was the addition of a Gaussian random number to each parameter value in our case. If the new set of parameters θ ′ has a larger posterior probability p(θ ′ |d, I, M ) than that for the previous set of parameters p(θ|d, I, M ), the jump is executed and the new parameters are accepted; if not, the jump is only executed with probability p(θ ′ |d, I, M )/p(θ|d, I, M ); otherwise, the previous parameters are recorded. We set the relative sizes of the Gaussian perturbations based on the 1σ uncertainties estimated on ahead with the bootstrap method, and required the overall acceptance rate of ∼25%, which is the total fraction of jumps executed, as recommended by Roberts et al. (1997) . We generated 5 independent chains, each of which started from random initial values 5σ away from the best-fit ones. Each chain had 10 6 -10 7 points, the first 10% or 500,000 of which were discarded to minimize the effect of the initial condition. To check the convergence and the consistency between the chains, we computed Gelman-Rubbin statistic (Gelman & Rubbin 1992) for each parameter, which is a comparison between the interchain variance and the intrachain variance, and confirmed that the results were within a few percent of unity, a sign of good mixing and convergence. We also calculated an estimate of the effective number of independent draws following Gelman et al. (2003) and confirmed that the value was larger than 1000. The resultant chains were merged to derive the final joint posterior probability distribution function (PDF). We derived the median value of the PDF for each parameter and set the 1σ uncertainty as the range between 15.87% and 84.13% of the PDF.
Stellar Activity
Rotational modulation of spots or activity cycle of stars cause apparent variations in stellar radial velocities, which can masquerade as a planetary signal (e.g., Queloz et al. 2001 ). Thus it is important to check the activity level of stars together with radial velocity variations. For this purpose, Ca II HK lines are widely used as activity indicators since the flux of the line cores is a good tracer of chromospheric activity (e.g., Duncan et al. 1991; Noyes et al. 1984) . We here define Ca II H index S H as
where F H is a total flux in a wavelength bin 0.66Å wide centered on the H line, F B and F R are those in bins 1.1 A wide centered on minus and plus 1.2Å from the center [Vol. , of the H line, respectively. By setting the reference wavelength bands, B and R, close to the base of the CaII H line core in this way, we tried to minimize the error in S H caused by imperfect normalization of the continuum level. We obtained the S H values only for spectra with S/N of F H over ∼40 among those taken after 2007.
Line Shape Variation
To investigate other possible causes of apparent radial velocity variations rather than orbital motion, spectral line shape analysis was performed using IP-deconvolved stellar templates. Details of the analysis are described in Sato et al. (2007) and Sato et al. (2002) , and here we briefly summarize the procedure.
At first, two IP-deconvolved templates were extracted from five I 2 -superposed stellar spectra at nearly the phases of maximum and minimum in observed radial velocities using the technique by Sato et al. (2002) . Cross correlation profiles of the two templates were then derived for about 100 spectral segments (4-5Å width each) that have no severely blended or broad lines in them. Three bisector quantities were calculated for the cross correlation profile for each segment: the velocity span (BVS), the velocity difference between two flux levels of the bisector; the velocity curvature (BVC), the difference of the velocity span of the upper and lower half of the bisector; and the velocity displacement (BVD), the average of the bisector at three different flux levels. Flux levels of 25%, 50%, and 75% of the cross correlation profile were used to calculate the above three quantities. Both the BVS and the BVC being identical to zero and the average BVD agreeing with the velocity difference between the two templates (≃ 2K 1 ) suggest that the cross correlation profiles can be considered to be symmetric. Thus the observed radial velocity variations are considered to be caused by parallel shifts of the spectral lines rather than deformation of them, which favors the orbital motion hypothesis.
Results
HD 2952 (HR 135, HIP 2611)
We collected a total of 63 radial velocity data of HD 2952 between 2004 January and 2012 December using both of HIDES-Slit and HIDES-Fiber mode. We obtained a signal-to-noise ratio S/N=100-260 pix −1 at 5500Å with an exposure time 780-1800 sec using HIDES-Slit mode and S/N=200-320 pix −1 at 5500Å with an exposure time 450-900 sec using HIDES-Fiber mode.
The observed radial velocities are shown in figure 3 and are listed in table 3 together with their estimated uncertainties. Lomb-Scargle periodogram of the data exhibits a dominant single peak at a period of 313 days with for HIDES-Slit and HIDES-Fiber mode, respectively. The rms scatter of the residuals to the Keplerian fit was 12.4 m s −1 and we found no significant periodicity in the residuals at this stage, although some possible long-term trend is apparently seen. Adopting a stellar mass of 2.54 M ⊙ , we obtain a minimum mass m 2 sini = 1.6 M J and a semimajor axis a = 1.2 AU for the orbiting planet. We did not find any significant variations in Ca II H index (figure 4) and spectral line profiles correlated with the orbital period (table 7).
HD 120084 (HR 5184, HIP 66903)
We obtained a total of 33 radial velocity data of HD 120084 between 2003 March and 2012 December using HIDES-Slit mode with S/N=75-230 pix −1 at 5500Å by an exposure time 900-1800 sec.
The observed radial velocities are shown in figure 5 and are listed in table 4 together with their estimated uncertainties. Lomb-Scargle periodogram of the data exhibits a peak at around a period of 1840 days. The F AP of peak is 0.06, which is not significant because of the long period, limited phase coverage, and deviation from sinusoidal curve for the radial velocity variations.
The single Keplerian model for the data and uncertainties for each orbital parameter were derived by MCMC method. The median values and the 68.3% credible regions for orbital parameters are P = 2082 −1 and we found no significant periodicity in the residuals. Adopting a stellar mass of 2.39 M ⊙ , we obtain m 2 sin i = 4.5 M J and a = 4.3 AU for the companion. Figure 6 shows 2-dimensional PDF between K 1 and e. As seen in the figure, the parameters are not well constrained yet because the phase of velocity minimum was not covered by our observations. However, the companion minimum-mass is below 13 M J with 99% confidence, then the companion still falls into the planetary regime.
We did not analyze Ca II H variations for the star because of the low S/N ratio for the core of the observed spectra. We did not find any significant variations in spectral line profiles correlated with the orbital period (table 7). (HR 5888, HD 141680, HIP 77578) Probable periodic radial velocity variations of ω Ser were first reported in Sato et al. (2005) for HIDES-Slit and HIDES-Fiber mode, respectively. The rms scatter of the residuals to the Keplerian fit was 17.0 m s −1 and we found no significant periodicity in the residuals at this stage. Adopting a stellar mass of 2.17 M ⊙ , we obtain m 2 sin i = 1.7 M J and a = 1.1 AU for the orbiting planet.
ω Serpentis
We did not find any significant variations in Ca II H index (figure 8) and spectral line profiles correlated with the orbital period (table 7).
Discussion
Stellar Activity
We found no variations in S H values correlated with radial velocity variations for HD 2952, HD 120084, and ω Ser suggesting that the observed radial velocity variations of these stars are not caused by stellar activity. In comparison, we also examined the variations of S H values for a chromospherically active G-type giant HD 120048, which shows significant core reversal in the Ca II HK lines (see figure 2) . Figure 9 shows the variations in S H values for the star against radial velocity variations. It clearly shows that the radial velocity variations are correlated with activity level, indicating that the index can be used to investigate a cause of radial velocity variations.
We also performed spectral line shape analysis for HD 120048 in the same manner as those for other three stars. As presented in table 7, no significant variations are detected for the star along with the other three stars. It suggests that spectral line shape variations caused by rotational modulation are too small to be detected by the current method or the observed radial velocity variations in HD 120048 originate from atmospheric motion (expansion or contraction) that are not necessarily accompanied by significant line profile variations. The results demonstrate the importance of monitoring not only line profile variability but also chromospheric activity in order to investigate causes of radial velocity variations of GK giants. Further detailed study on the variability of HD 120048 is beyond the scope of this paper, which will be done in a forthcoming paper. Sato et al. 2012) . Less massive planets are also found around low-mass (<1.5M ⊙ ) K giants such as BD+48 738 b (m 2 sin i = 0.91 M J , a = 1.0 AU; Gettel et al. 2012) . It is normally more difficult to detect planets with < ∼ 2M J around such giants because of the relatively larger stellar jitter. However, these discoveries demonstrate that it is still possible to detect such less massive planets even around GK giants by high cadence observations. How low mass planets are detectable around GK giants? Ando et al. (2010) conducted asteroseismic observations for some of the G giants in our sample and detected solarlike oscillations in them. The results show that the stellar jitter of the giants are primarily dominated by solar-like oscillations with periods of 3-10 hours and integrated velocity amplitudes of 10-20 m s −1 , which are consistent with jitters in longer timescale (e.g., Sato et al. 2005 ). In the case of solar-type dwarfs, the p-mode oscillations have much shorter periods (∼ 10 minutes) and smaller velocity amplitudes (∼ 1 m s −1 ), which can be canceled out down to ∼20 cm s −1 by integration for ∼ 15 minutes (e.g., Mayor & Udry 2008) . Figure 10 demonstrates the benefit by applying the similar strategy to the radial velocity data presented in Ando et al. (2010) . As seen in the figure, the scatters are reduced by a factor of 2-4 by binning the data over one night (∼ 10 hr), which makes the detection limit of planets down to below 1 M J at 1 AU and even super-Earth class planets in short period orbits around stars like η Her (G8III-IV). Although it takes time to apply this strategy to all of our targets and the jitters may have various time scales in variations, the results show that we can potentially reduce the detection limit of planets around giants if we mitigate the effect of stellar jitters by proper observational strategy.
Detectability of Less Massive Planets around GK Giants
An Eccentric Planet: HD 120084 b
HD 120084 b (m 2 sin i = 4.5 M J , a = 4.3 AU) is a long-period eccentric planet. The eccentricity exceeds 0.4 with the 99% confidence, while almost all the planets discovered around evolved intermediate-mass stars have eccentricity below 0.4 (figure 11). Several scenarios have been proposed for the origin of eccentric planets including planet-planet scattering (e.g., Marzari & Weidenschilling 2002; Jurić & Tremaine 2008; Ford & Rasio 2008) and secular perturbations by an outer body (e.g., Holman et al. 1997; Mazeh et al. 1997; Takeda & Rasio 2005) , in both of which we can expect to find a distant companion. In order to explore such a possible distant companion around HD 120084, we performed MCMC analysis for a single Keplerian model with a linear velocity trendγ. As a result, we constrained the velocity trend to be |γ| < 2 m s 
where m c is the companion mass, i c is the orbital inclination, and a c is the orbital radius. The result could exclude existence of a brown-dwarf companion (≥ 13 M J ) within ∼36 AU and a stellar one (≥ 80 M J ) within ∼90 AU.
It may also be possible to assume that (unobserved) another body was scattered into inner orbit and then engulfed by the central star. Recently Adamow et al. (2012) reported a possible example for this case; BD+48 740, a lithium rich giant with a possible planetary companion in an eccentric and long-period orbit. It has been proposed for years that the planet engulfment scenario is an origin of existence of lithium overabundant giants (e.g., Siess & Livio 1999) , and Adamow et al. suggested that BD+48 740 might be the case. We determined lithium abundance A(Li) 2 for HD 120084 using the spectral synthesis method with the IDL/Fortran SIU software package developed by Reetz (1993, private communication) . The synthetic spectrum is presented by a single Gaussian profile, convolved with the broadening function of stellar rotation, macroturbulence and instrumental profile. The lithium abundance is obtained by fitting the synthetic spectrum for 7 Li 6708Å to the observed one with the contribution of the line of FeI 6707.467Å taken into account. We then obtained A(Li)≤ 0.37 for HD 120084, which does not exhibit overabundance of lithium compared with other giants in our sample. Details of the procedure as well as lithium abundances for other targets of our planet-search survey can be found in Liu et al. (in preparation) .
Summary
Here we reported three new planetary systems around evolved intermediate-mass stars from precise radial velocity measurements at OAO. These add to the diversity of planets around evolved intermediate-mass stars in terms of less massive planets than 2 M J (HD 2952 b, ω Ser b) and a highly eccentric planet with e = 0.66 (HD 120084 b).
The Okayama Planet Search Program has been continuously monitoring radial velocity of about 300 GK giants for 12 years, which corresponds to orbital semimajor axis of 6.5 AU around 2M ⊙ stars. Furthermore, since 2010, the high-efficiency fiber-link system for HIDES has been available. The improvement in efficiency allows us to observe each star more frequently, which helps to push down the detection limit of planets. The continuous observations combined with the frequent sampling will further uncover both long-period and less-massive planets around evolved intermediate-mass stars.
This research is based on data collected at Okayama Astrophysical Observatory (OAO), which is operated by National Astronomical Observatory of Japan (NAOJ). We are grateful to all the staff members of OAO for their support during the observations. We thank students of Tokyo Institute of Technology and Kobe University for their kind help for the observations. Ando et al. (2010) . Open circles are raw data and red squares are those binned over one night. An increasing velocity trend seen in 11 Com is caused by orbital motion (Liu et al. 2008) , the RMS scatter of the binned data to which is 4.5 m s −1 . Fig. 11 . Eccentricity distribution of exoplanets detected by radial velocity methods against semimajor axis. The data are from http://exoplanets.eu. Red triangles represent planets around evolved intermediate-mass (≥ 1.5M ⊙ ) stars. Dashed lines express the periastron distance (q = a(1 − e)) of 0.3, 0.5, 0.7 AU, respectively, from the left. The planet with e = 0.68 and a = 1.57 AU is HD 102272c, which is in a double planet system (Niedzielski et al. 2009a ). Takeda et al. (2002) . Since these parameter values are sensitive to slight changes in the equivalent widths as well as to the adopted set of lines (Takeda et al. 2008 ) realistic ambiguities may be by a factor of ∼ 2-3 larger than these estimates from a conservative point of view (e.g., 50-100 K in T eff , 0.1-0.2 dex in log g). Values in the parenthesis for stellar radius and mass correspond to the range of the values assuming the realistic uncertainties in ∆logL corresponding to parallax errors in the Hipparcos catalog, ∆log T eff of ±0.01 dex (∼ ±100 K), and ∆[Fe/H] of ±0.1 dex. The resulting mass value may also appreciably depend on the chosen set of theoretical evolutionary tracks (e.g., the systematic difference as large as ∼ 0.5M ⊙ for the case of metal-poor tracks between Lejeune & Schaerer (2001) and Girardi et al. (2000) ). 
